4 of binding PS. These observations emphasize the complexity of annexins and clearly indicate that the properties of the protein-membrane interface must also be considered.
From a general standpoint, how interfacial proteins such as annexins behave at the membrane surface still remains a quite complex matter. This is due to properties of the membrane interface itself which has to be considered as "2-dimensional" intermediate reservoir of a few Å thickness between the bulk solution and the hydrophobic membrane interior. Interaction of the protein moiety with ions, specially divalent cations like calcium, may be considerably different from that in pure bulk solution. This is also true for interactions with lipid polar heads. Several past works have emphasized these aspects (22, 23) . As mentioned above, the problem is even more complicated in the case of annexins due to the presence, in these proteins, of numerous potential calcium binding sites with subtle differences. In addition, there is no guarantee that results obtained from bulk solutions will still hold for the membrane interface. It is also worth emphasizing the low intrinsic affinity of annexins for calcium and their apparent absence of binding to isolated phospholipids in the bulk solution. Clearly binding of calcium and phospholipid polar heads have to be understood from properties within the interface.
As soon as a phospholipid bilayer is concerned radiocrystallography as well as NMR hardly provide the essential information at atomic resolution. Thus we turned to molecular modeling in order to take a step further in the understanding of molecular recognition of phosphatidylserine polar head by annexins.
We now describe a new lipid-binding site for phosphatidylserine (PS). The site was first established using molecular simulation and docking of a PS molecule onto the ANX-A5 domain 1.
Hence we could identify a consensus sequence which was found in either domain 1 or domain 2 of all known annexins, sometimes simultaneously in both domains, but never in domains 3 or 4. Mutational analysis of this consensus sequence demonstrated its direct involvement in membrane binding and PS recognition. From these results, a more complete picture is now emerging: binding of ANX-A5 to PS containing membranes involves at least two calcium ions and two phosphoserine polar heads in domain 1 acting cooperatively, one bridging the AB and B calcium ions (18) and using only few protein ligands and one using the AB calcium ion and about seven protein ligands. Other secondary sites, may also contribute to membrane binding at high calcium concentration. A direct and precise measurement of the intrinsic affinity of the AB-site for calcium is also presented for the first time. 
Molecular simulation.
The PS molecule was first drawn, with an approximately correct orientation of the polar head, near the supposed binding site namely the region between the helices A and D of domain 1, where a sulfate group is observed in the crystallographic structure (PDB entry 1avr, (8) ). At this step the phosphate group was positioned near the calcium atom. In order to compensate for the absence of an adequate force field, the calcium atoms were maintained by ion-protein constraints derived from the crystallographic data. The lipid and the six residues side-chains located in the space between the helices A and D were allowed to move while the remaining part of the domain were held fixed. A low temperature dynamics (50 K, ≈10 ps) was then run until the PS polar head remained approximately stationary. This allowed to enumerate the polar head-domain interactions described in Fig. 2A and reveal a consensus sequence in the annexin family. The model was subsequently refined. During refinement, again to compensate for the absence of an adequate calcium force field, an additional distance constraints between the calcium ions and the closest PS phosphate oxygen atom was applied to maintain the distance between these two atoms larger than 2.4 Å. The structure of the complex given in Fig. 2B was obtained after a few runs of simulated annealing preceded by a short dynamic at 100 K and final minimization. We utilized the Sybyl program (Tripos Inc.) in this work. The structure of the domain 1 with three PS molecules (Fig. 4) was obtained in the same way.
Mutagenesis procedure.
The wild type, M234, M134 and M1234 mutants of ANX-A5 cDNA were cloned in a pGex 2T expression vector. M1, M2 and M3mutations correspond to E72Q, D144N and D228A respectively. 6 37°C until a 0.8 DO 600 was reached, then IPTG 1mM was added to the medium. The cultures were stopped at DO 600 level stabilization (around 2.0 DO 600 ). Bacteria were pelleted by centrifugation (15 minutes at 3000 g), the pellets were resuspended in a lysis buffer containing Tris 50 mM, NaCl 500 mM, EDTA 1mM, Glycerol 5 %, Triton X100 1 %, PMSF 1 mM, DTT 1 mM, aprotinine 1 µg/ml.
After incubation for 1 h with lysozyme (0.5 mg/ml) followed by sonication, lysed bacteria were centrifugated at 10 000 g for 15 min and the supernatant was loaded onto a glutathione-agarose column. Columns were washed with 1 M NaCl and with 50 mM Tris/HCl, pH 8.0, all steps were performed at 4°C. GST-annexin V mutants were cleaved by thrombin (10 units/mg of fusion protein) in 50 mM Tris/HCl, pH 8.0, buffer containing 150 mM NaCl at room temperature. Final purification was performed on a Ressource Q (FPLC system, Pharmacia). Purity and identification of all proteins were checked by SDS-polyacrylamide gel electrophoresis. Proteins were concentrated with an ultrafiltration apparatus (Amicon) with YM10 membranes. Protein concentrations were evaluated using the method of Bradford and UV absorption at 280 nm.
Copelleting assays.
The standard copelleting assays contained 30 mg/ml mixed POPS/POPC (80/20) liposomes equilibrated in a Tris buffer (50 mM Tris, pH 8.0, 150 mM NaCl, EDTA 1 mM, MgCl 2 1 mM), with the indicated concentration of free CaCl 2 . After a 15 minutes incubation at room temperature with 5 µM of protein, the vesicles were pelleted by centrifugation (270000 g for 30 minutes at 4°C).
Supernatant (S1) containing unbound proteins is removed. The pellets containing the bound proteins were resuspended with a Tris buffer (50 mM, pH 8.0) containing EDTA 10 mM. After a 15 minutes incubation, vesicles were pelleted, and supernatants (S2) were collected for SDS PAGE gel analysis.
Surface plasmon resonance binding experiments.
Surface plasmon resonance binding experiments were performed on a Biacore 2000 apparatus, using L1 chips coated with 2 mg/ml mixed POPS/POPC (80/20) size calibrated liposomes using a LiposoFast apparatus (Avestin) with 100 nm pore diameter polycarbonate membranes. Binding experiments were performed in a degassed HBS-N buffer (HEPES 10 mM, pH 7.4, NaCl 150 mM) containing 2 mM CaCl 2 . This buffer was used during equilibration, association and dissociation 7 of phospholipid bilayer with HBS-N buffer containing 2 mM Ca 2+ during 60 seconds, the association phase during which protein in a determined concentration is added to this buffer during 60 seconds, the dissociation phase where HBS-N buffer with 2 mM Ca 2+ is flowed through the detection cell during 400 seconds, and the regeneration phase where 2 mM EDTA in HBS-N buffer is used to remove proteins bound to the bilayer at the end of the dissociation phase.
Evaluation of kinetics data were performed using Bialevaluation 3.0 software. Association and dissociation rate constants were independently evaluated. Dissociation rate constants were determined from the 200 last seconds of the dissociation phase to avoid non purely membrane-protein dissociation occurring at the beginning of dissociation phase. Two models were used, simple Langmuir dissociation model and a cooperative dissociation model following the equation : (36) were recorded with a quadrature detection by the TPPI-States method (37) . 15 N decoupling during acquisition was performed using a GARP sequence (38) . The number of scans was between 8 and 32, the number of points was 2048 in the direct dimension. 200 increments were used in the indirect dimension. The recycling delay was 1.5 s. The spectral width were of 6.2 kHz and 4.1 kHz in the 1 H and 15 N dimensions respectively.
For each Annexin V mutant, FHSQC spectra were recorded a the following calcium concentrations: 0 mM, 0.5 mM, 1 mM, 2 mM, 4 mM, 6 mM, 9 mM, 15 mM and 30 mM. Addition a an excess of EDTA was performed at the end of the titration. The spectrum was superimposable on that obtained at 0 mM calcium. At high calcium concentration, a important reduction of the peak intensities and an increase of the line width showed the presence of protein aggregation. This phenomenon was reversible after addition of EDTA.
NMR spectra were processed using the GIFA software (39) . A (π/4) shifted squared cosine bell and a (π/4) squared cosine bell were applied along t 1 and t 2 , respectively. The data were zero filled to 1024 points along t 1 and to 2048 points along t 2 prior to Fourier transform. Finally, a baseline correction was applied in both dimensions using the corresponding GIFA baseline routine (40) . Difference spectra were performed and allowed to identify most of the correlation peaks that are sensitive to the calcium concentration. The GIFA peak-picking routine was used to determine the chemical shift variation of these correlation peaks.
The titration of M1234 led to the determination of the correlation peaks that are sensitive to secondary calcium sites. By difference it was possible to identify the correlation peaks that are sensitive to the primary calcium site for M234 and for the mutants of M234 with mutated phospholipid equatorial site.
The chemical shift variation against the calcium variation was fitted with the following function:
Where ∆δ obs is the observed chemical shift variation, ∆δ ppm the difference between the free and bound protein, Ca the bulk calcium concentration and K D the dissociation constant.
The fitting was achieved using the non-linear Levenburg-Marquardt minimization algorithm (41) implemented in the MATLAB software. The quality of the fits and the uncertainties were obtained from statistical analysis (42, 43) with an experimental gaussian error set to 0.01 ppm and 0.1 ppm in the 1 H dimension and in the 15 N dimension respectively and using a set of 500 synthetic data for each data set. A model was considered satisfactory if the optimized χ The side-chains of this ensemble of residues form a highly polarized pocket well adapted to the binding of the phosphatidylserine polar head, with a negative side, D68-S71-E72, and a positive side Ca 2+ -K29-R25-R63. Using low temperature molecular dynamics simulation as described in "Experimental procedures", the PS-annexin complex was further refined, leading to the structure given in Fig. 2B .
Fig. 2 near here
Searching the whole known annexin sequence family, we found the above sequence or a very closely related sequence, in either domain 1 or domain 2, sometimes in both (ANX-A4 and A7), in all
annexins. An example for human annexins is given in Fig. 3 . Remarkably, the sequence is never observed in any domain 3 or 4. From this analysis, the following consensus sequence for PS binding may be proposed:
There are few modifications of this sequence in some domains 2: in ANX-A2 where the third basic residue is shifted one residue upstream, in ANX-A7 domain 2 the "K29" is replaced by a Gln residue and in ANX-A13 where the (R/K)25 residue is also replaced by an uncharged residue Gln. Gln residue is however still able to bind to the PS phosphate group. This geometry allows to define two types of PS binding sites according to which of the two above free coordinations is occupied by a PS phosphate group. We propose, for domain 1, to name these two sites: the "equatorial" site or D1e and the "apical" site or D1a. The D1e site corresponds to the consensus sequence described in this paper with the phosphate group bound to the fifth equatorial coordination. The D1a site would correspond to the site described for GPS in domain 3 (18) with the PS phosphate group bound to the remaining apical coordination and its carboxylic group bound to the Ca 2+ in the B-site. The calcium B-site is located in the generally conserved sequence TxE at the Nterminus of the B-helix. It comprises one backbone carbonyl oxygen atom from Thr and two oxygen atoms (bidentate) from the Glu side-chain. Docking of a PS molecule on the D1a site shows that the other PS interactions in this site concern the Thr33 and Glu35 side-chains, hydrogen-bonding the PS amino group and the backbone Gly32 HN hydrogen-bonding the two oxygen atoms of the phosphate group one of which being the serine γ-oxygen atom.
Simultaneous binding of two PS molecules to the same AB calcium-binding site i.e.
simultaneous occupancy of both D1a and D1e sites, is sterically possible (Fig. 4) . Remarkably enough, binding of two PS molecules allows a full coordination of the AB calcium ion, five ligands from the protein and two from the lipid molecules. Hence, while the D3a (GPS site) does not apparently promote membrane binding as demonstrated below, occupancy of the D1a site most certainly directly contributes to the stabilization of the complex and thus to membrane binding. Finally, it is noteworthy that the lipid density obtained for the three bound lipid molecules is close to the density observed in protein-free membrane. This suggests that annexin binding elicits a minimal perturbation of the phospholipid bilayer despite the partial immobilization of these lipids in well defined sites.
Domain 1 is essential and sufficient for the binding of annexin V to PS-containing membranes.
As described in an earlier work (20) , several annexin variants were expressed in which all but one of the Asp or Glu bidentate ligand of the AB calcium site (type II calcium sites) was mutated into the corresponding Asn or Gln. Calcium binding in the given AB site is suppressed by the mutation as are suppressed both the apical and equatorial PS binding sites. which contains the protein released from the liposomes by EDTA after binding, is shown in Fig. 5C and the corresponding EC50 are given in Fig. 5D and Table I . The progressive removal of the basic residues up to the M234-TM mutant clearly shifts membrane binding toward non-physiological calcium concentrations for intracellular environment. The upward shift is still increased by the additional removal of the acidic residue D68 (Table I) . Provided the effective calcium binding is not affected by the mutations, these experiments demonstrate the direct involvement of the basic residues in PS recognition by domain 1. This is shown in the following section.
To which extent mutations affect calcium binding in the bulk solution?
Because of the complex relationships between calcium binding and lipid binding to the protein, it is important to verify that the EC50 increase resulting from the mutations in the equatorial binding site is not the result of an alteration of the intrinsic protein affinity for calcium. Calcium affinity for the protein in the bulk solution can be measured using NMR performed on the 15 We thus conclude that the mutation of the basic residues of the consensus sequence has no effect on the protein affinity for calcium thus confirming their direct involvement in PS binding. For the D68A mutation the result is less clear cut. The SDS-PAGE data were confirmed by surface plasmon resonance (SPR) experiments. The main results are gathered in Fig. 7 which compares the ANX-A5 mutants M234 and M234-TM and clearly demonstrates the decrease of the protein affinity for the PS-containing membrane due to the mutations.
It is also important to observe that, during the dissociation phase, the SPR signal of the M234 variant ( Fig. 7A) , of the M234-TM mutant (Fig. 7B ) and of the wild type annexin (data not shown),
does not return to zero as it should be expected for a complete dissociation of the protein from the membrane. This points out the important persistent binding that is most probably due to the very slow disruption of the annexin network (31) formed during the association phase. Importantly, such a slow annexin unloading is not abolished by the mutations in domain 1 suggesting that the mutations did not affect the protein network formation. The fast and small amplitude signal decrease, observed at the beginning of the dissociation phase, probably results from the release of annexin molecules bound with a low affinity to the annexin molecules of the network and not directly bound to phospholipids. We already observed such low affinity annexin-annexin interaction in solution at high calcium concentration (25) . These interactions are also observed in the present NMR experiment as described 
Comparison with other annexins.
There are only few data concerning the relative importance of the domains in other annexins for membrane binding. To our knowledge, apart from ANX-A5, data exist only for annexin A1, A2 and A4. For ANX-A1 it has been clearly demonstrated (28) that the main capacity of binding to PScontaining vesicles is concentrated in domain 2 which is the domain that contains the equatorial site.
Other domains of this annexin seem to play a role in vesicle aggregation which is a different phenomenon, not completely elucidated yet as far as structural requirements are concerned (16) . For ANX-A2, the domain 2, where the consensus sequence is found, was shown to play a direct role in membrane binding (29) . This set of data provides an additional evidence that the sequence we described, is a consensus sequence that ensures molecular recognition of PS.
In the case of ANX-A4, domain 1 was shown to be directly involved in binding to PS-containing membrane (30) 
Discussion.
The aim of the present work was to proceed a step further in the understanding, at the molecular level, of membrane recognition by annexins. Several lines of evidence (19, 20) and data presented here clearly indicated that domain 1 of ANX-A5 was mainly responsible for the effective binding of the protein to PS-containing membrane. Because X-ray diffraction was unable to provide information on domain 1 we turned to molecular simulation. Hence, docking of a PS molecule onto the ANX-A5 domain 1 allowed the discovery of a new PS binding site in ANX-A5 D1 to which corresponds a consensus sequence present in the whole annexin family. As it is summarizes in Figure 2A The affinity of the protein for calcium in the AB-site thus crucially depends on the presence and number of lipid phosphate groups in the calcium ligand shell. The same conclusion can be drawn from the data provided in reference (24). As described above (see also fig 2A) , there are two possible lipid phosphate groups in the calcium ligand shell in the AB-site: one apical and one equatorial. The apical phosphate ligand is distant enough ( fig 2B and 4 ) from the points of mutation introduced in the M234-TM and is most probably not directly affected by these mutations. Hence, a PS molecule can still intrinsically bind to the apical site of the M234-TM. In contrast, the equatorial phosphate ligand is directly affected by the mutations because it depends directly on the interactions of the corresponding polar head with purely protein basic ligands that were mutated. However, when these latter protein ligands are suppressed, the equatorial site can be still occupied by a phosphate group because three ligands of the PS polar head are always potentially present: the bidentate calcium ligand E72, which binds the serine ammonium group, the G30 backbone HN and the calcium ion itself which directly binds to the phosphate group. Hence, the protein can still bind to the membrane but, because the affinity of the protein for the equatorial lipid is lowered as a result of the mutations the affinity of protein for calcium in the membrane interface is also lowered. Thus, the binding equilibrium of PS to both apical and equatorial sites of the annexin variant is shifted to higher calcium concentration. In conclusion, the EC50 values effectively reflect the protein binding properties to the PS-containing membrane and more precisely the modulation of this binding by the affinity for a phospholipid in the equatorial site. Two mechanisms may account for the increase in the calcium affinity induced, in the membrane interface, by the equatorial PS. First, the equatorial PS obviously closes the ligand sphere around calcium ion which may be simply viewed as an effect on the k off rate constant. Second and in a more subtle way, binding of an equatorial lipid polar head which involves the bidentate ligand Glu72 and the calcium ion itself, could increase the partial electrostatic charge born by all the atoms precisely involved in the calcium binding due to change in bond polarization. As a consequence, the binding of the apical phosphate may be strengthened. This may be viewed as a possible cooperative effect of the equatorial PS binding on the apical PS binding.
Taken altogether, our experiments allow to conclude that the consensus sequence described above directly contributes to the effective PS molecular recognition by annexins. We can also conclude that the apical site does not sustain, alone, membrane binding at low calcium concentration.
Both the apical and equatorial lipid-binding sites are necessary, and act cooperatively, for a substantial membrane binding at the relevant calcium concentration of the intracellular space.
Furthermore, because the mutant M1234 does not at all bind to membrane, the secondary DE calcium-binding sites in the domain 1 as well as those in other domains cannot contribute to the main binding process of ANX-A5 to membranes. These secondary DE calcium-binding sites could play however a functional role once the protein is bound to the membrane interface by transiently binding calcium and phospholipids and thus could contribute to reduce the global lateral diffusion of these two species (26, 27) . The consensus sequence for the equatorial PS binding site was found exclusively in the domain 1 or domain 2 but not in the other two domains. This has some possible biological consequences that may be now developed.
Biological implications.
The present results constitute an important step in the description of the membrane binding of annexins that suggest a range of fine-tuned in vivo membrane properties. As a whole, the four-domain As a conclusion we would like to emphasize that the four-domain core common to all annexins is more than a mere membrane binding module and harbors more biological functions than previously estimated. The same docking procedure described in "methods" was used for the apical site and accessory DEsite. The average distance between glycerol C2 atoms is approximately 8 Å. 
